Origin and Evolution of the Unique Tetra-Domain
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9 tree topologies issued from the different phylogenetic analyses, by maximum likelihood 167 relative ratio tests, and the codon substitution model derived from Goldman & Yang (1994) . 168
The tree topologies were rooted only when a molecular clock hypothesis was being tested, 169 and under every test condition the single-domains were forced to be monophyletic. To test for 170 molecular clock and possible differences in selective pressures between paralogous domains 171 of the tetra-domain globin, we calculated pairwise distances between species for each domain, 172 using the K2P model for nucleotides and the Dayhoff matrix for amino acids (MEGA4). 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 60
distinct sequences that can be separated into two types (Fig. S1 ). The first type has a 400 bp 177 coding region, corresponding to a globin domain, followed by a 3'UTR sequence that differed 178 in length (sequences BSY1 and BSY3). The second type has a 800 bp coding region, 179 corresponding to two globin domains (sequences BSY2, BSY4, BSY5, and BSY7), followed 180 by a 3'UTR sequence also presenting differences in length. These two globin domains will be 181 hereafter referred to as D3 and D4 (from 5' to 3'), in reference to the Branchipolynoe 182 hemoglobin model composed of 4 domains (Hourdez et al. 1999a) (the same nomenclature 183 will be used for the upstream domains: D1 and D2). The 3'UTR for sequences BSY2, BSY4, 184 and BSY7 are nearly identical and a few differences appeared in their coding regions. The 185 three remaining 3'UTR sequences (corresponding to sequences BSY1, BSY3, and BSY5) are 186 clearly different. A Northern blot on B. symmytilida cDNA samples probed with a portion of 187 sequence BSY3 and BSY7 (the most common sequences among the clones) revealed that 188 these correspond to different transcript sizes. The BSY3 probe revealed a single band of ~610 189 bp in length, the size expected for a full-length mRNA coding for a single-domain globin 190 (Fig. S2A) . The BSY7 probe revealed a single band of ~1980 bp in length, consistent with the 191 expected size for full-length mRNA coding for a tetra-domain globin (Fig. S2B) . 192
The complete BSY3 cDNA sequence encodes a SD globin (coding sequence of 417 bp, 193 including the stop codon), with a 67-base 5'UTR (Fig. S3) The TD sequences also have a cysteine (E18C) 11 residues after E7Q, a feature that is found 220 in some globins of the tubeworms Riftia pachyptila and Lamellibrachia sp. ( For both Branchipolynoe species, polymorphism was present in the different amplified 226 sequences, therefore, a consensus nucleotide sequence was produced based on the majority of 227 clones obtained for each species. These consensus sequences were translated and used in all 228 phylogenetic analyses. 229
The unrooted phylogenetic tree clearly separates the globins that are typical extracellular 230 HBL-Hbs from all intracellular globins (Fig. 2) . The SD globin and the four domains of the 231 TD globin from both Branchipolynoe species clearly group with the intracellular annelid 232 globins, indicating that these extracellular globins have a distinct origin from all other annelid 233 extracellular globins. 234 235
Evolution of the tetra-domain structure 236
A phylogeny of the various Branchipolynoe globin sequences was determined using the 237 SD as an outgroup because of its more ancestral status compared to the tetra-domain 238 sequences (Fig. 2) . Several nucleotide substitution models were used, and when using Mr. 239 Bayes the codon model was also chosen. These analyses yielded different tree topologies 240 depending on the phylogenetic method used and the selected nucleotide substitution model 241 (Fig. S5) . 242
The phylogenetic tree based on amino-acid sequences suggests that D4 is the most 243 ancestral of the domains followed by D3, D2, and D1 in the TD gene. Although this 244 phylogeny is well supported, it may not reflect the history of domain duplications as these can 245 be going through periods of relaxed selective pressure and/or positive selection. Analysis 246 based on nucleotides provided a different result, suggesting that D1 (or D3) is the most 247 ancestral domain. The best resolved trees correspond to 4 equiprobable topologies (Fig. S5) . 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58 59 60
13
In each tree topology, the globin domains of both species form well-supported pairs, 249
indicating that duplications giving birth to the TD occurred prior to the radiation between the 250 two Branchipolynoe species. The deeper branches of the nucleotide-based topologies, 251 however, were not well supported (bootstrap values usually no higher than 65%, and at best 252 73%), suggesting that duplications occurred very close to each other over time, or that 253 variable selective pressure over the various branches reduced the phylogenetic signal. 254
The different topologies were tested against each other using maximum likelihood relative 255 ratio tests in CodeML (Yang 1997) . Pairwise comparison of these 4 main topologies revealed 256 topology (c) was the most probable, regardless of the d N /d S ratio model selected. The pairwise 257 differences between the different TD domains and the SD indicated that D1 possesses the 258 fewest differences with SD, followed by D3 (Table 1 ). In addition, D1 also displayed several 259 motifs of adjacent amino acids that were nearly identical with the SD globin, reinforcing the 260 hypothesis that D1 is more closely related to the ancestral state. D1 and D3 were also the 261 domains with the smallest divergence between species for either nucleotide or amino acid 262 sequences, suggesting that these domains are more constrained by purifying selection. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58 59 60
14 different for the portion of 5'UTR for which there are data for both species (48 nucleotides, 274
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This could be indicative of a rapid succession of the duplication events to lead to this 395 structure, and/or to different selective pressure affecting the various domains. We found that 396 D1 and D3 are probably under stronger purifying selection than D2 and D4. This would then 397 yield to different branch lengths, and the absence of a molecular clock. Although the 398 phylogenetic trees do not allow us to clearly decide on a likely duplication scenario, other 399 observations (pairwise distances, conservation of some amino acid motifs), suggest that the 400 TD structure is likely the result of two tandem duplications, the first one giving rise to D1D2, 401 and the second one affecting these two domains together to generate the whole TD. Domain 402 D1 is likely the most ancestral domain, as (1) in both species, intron 1 from D1 has the same 403 size as in the SD globin, (2) pairwise differences between the SD and D1 are smaller than all 404 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 
Duplication events 411
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